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Purpose and Scope
This report describes QA/QC procedures used by the U.S. Geological Survey (USGS) in support of longterm data collection efforts in Loch Vale. This quality assurance report addresses data collected from January 1, 1999 through December 31, 2002. Previous quality assurance reports include : 1983-1987 (Denning, 1987); 1989 -1990 (Edwards, 1991 1991 -1994 (Allstott, 1995 and -1998 and (Allstott and others, 1999 .
Since 1982, all LVWS samples and data have been analyzed according to standard methods. Meteorological data were collected, analyzed, and stored by LVWS project personnel from 1982-1998. The U.S. Geological Survey-Water Resources Discipline (USGS-WRD) has collected meteorological data since 1992 and is responsible for QA/QC of the meteorological data since the decommissioning of the U.S. Geological SurveyBiological Resources Discipline (USGS-BRD) weather station (11/24/1998) . Methods for handling the BRD meteorological data are documented in Denning (1988) , Edwards (1991) , Newkirk (1995) , and Allstott (1995) .
Precipitation chemistry data are collected according to National Atmospheric Deposition Program (NADP) protocol (Bigelow, 1988) , and analyzed at the Central Analytical Laboratory (CAL) of the Illinois State Water Survey in Champaign, Illinois http://nadp.sws.uiuc.edu/. QA/QC procedures of the NADP are documented in Rothert and others (2002) .
Stream flow data are collected and calculated according to standard LVWS methods (Allstott and others, 1999) . Protocols for sampling surface waters are documented in Allstott and others (1999) . Analysis of surfacewater chemistry has been performed using standard Environmental Protection Agency (EPA) protocols at the U.S. Department of Agriculture's U.S. Forest Service's Rocky Mountain Research Station (USFS-RMRS) Biogeochemistry Laboratory since 1993.
All LVWS (BRD) data are reviewed and stored in a relational database (Microsoft Access) on the Natural Resource Ecology Laboratory (NREL) computer network at Colorado State University. Data are available at http:// www.nrel.colostate.edu/projects/lvws/pages/homepage.htm.
Meteorological Data
The USGS-WRD operates the main weather station in LVWS at an elevation of 3,159 m. The station takes readings every 15 seconds and calculates average hourly and daily values. The average hourly and daily values are recorded to a storage module that is downloaded every two to three months. The data are quality assured by the USGS-WRD using standard methods and are available upon request at http://co.water.usgs.gov/lochvale/. The following are a list of QC procedures performed by the USGS-WRD for their meteorological station data.
1. Sensors are scanned for complete operation. If there is a failure of a sensor, or if it appears there are intermittent gaps in data (such as wind speed), they are evaluated on a case-by-case basis. Data are rejected as needed when it appears there are sensor problems. 2. Sets of minimum, average, and maximum values are plotted for consistency and logical patterns.
Outliers are then easily identified and rejected. 3. Sensor performance is evaluated using these sets of values over time with respect to the season. 4. Logical extremes or exceedance of physical limits (e.g. humidity >100%) are checked, and unreasonable values are investigated. 5. WRD meteorological data are downloaded bimonthly and scrutinized using time-series plots prior to being appended to existing flat files stored on Unix machines (George Ingersoll, USGS-WRD, written commun., 2003). The USGS-BRD operated a Remote Area Weather Station (RAWS) colocated (30 m apart) in the Loch Vale Watershed from 1983-1998. The BRD station was decommissioned on November 24, 1998 due to failing station sensors, growing equipment costs, and the need for more standardized climate data. Common climate parameters measured for both stations are: solar radiation, 2 m air temperature, relative humidity, 6 m wind speed, and 6 m wind direction. Requests for Loch Vale climate data will be filled with BRD data from September 8, 1983 -December 31, 1994 and WRD data after January 1, 1995. See Table 1 for a complete list of weather parameters measured by both stations. For both stations, sensors are located at 2 heights (2 m and 6 m).
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Discharge Data
Discharge at the outlet of the Loch, located at the northeastern edge of the basin at an elevation of 3,050 m, has been gauged with a Parshall flume and stilling well since 1983. The accuracy of a Parshall flume is ±5% (Winter, 1981) . Frequent inspection of the LV flume's condition reveals that as much as 5% of stream flow is not measured by the flume due to water flowing around or under the flume structure. A low-water inspection of the inside of the flume on September 2002 revealed that it is still of its original dimensions (extremely important when calculating flow volumes and rates), and that it is structurally sound.
As a quality spot-check of flow data, weekly manual readings of actual stage height are recorded by observing a staff gauge located just inside the flume as flow and snow permits. Stage height (ft) is converted to flow rate (m 3 /sec) using a rating formula provided by the Thompson Pipe and Steel Co., Denver, Colorado, and compared to the mechanically collected values.
Stage is recorded automatically using a Leupold and Stevens chart recorder. Two independent methods are used to confirm these measurements. Discharge is checked periodically by making manual measurements of flow using a pygmy meter. Discharge is also checked by comparison of flow records at other locations higher in the watershed (see Figures 1 and 2 ). While the pygmy meter is an attempt at a quantitative comparison of flow at the Loch outlet, the use of other flow records in the watershed allows only qualitative peak flow comparisons. October-00 April-01 October-01 April-02 October-02 There are two main tributaries in Loch Vale: Andrew's Creek, which drains the northern sub-basin, and Icy Brook, which drains the southern sub-basin. These two creeks join approximately 1 km above the Loch. Stream gauges are operated by the USGS-WRD on Andrew's Creek and Icy Brook. Discharge data at these tributaries are processed by field office personnel according to standard U.S. Geological Survey procedures (George Ingersoll, USGS-WRD, written commun., 2003) . Results from qualitative comparisons of discharge at Andrew's Creek, Icy Brook, and the Loch outlet show that timing of snowmelt peaks generally occur within a week of each other. We expect to see greater discharge values from the Loch outlet compared to Andrew's Creek and Icy Brook because the Loch gauge is at the lowest point in the basin. Discharge data are stored in the USGS WATSTORE (Water Data Storage and Retrieval System) and can be found at http://waterdata.usgs.gov/nwis/.
Precipitation Chemistry Data
Weekly precipitation chemistry in LVWS is collected at the Loch Vale NADP site adjacent to the main weather station. Chemical analysis and quality assurance at the NADP station are conducted as part of the NADP protocol. Details of the NADP quality control plan and the quality assurance protocol at the Central Analytical Laboratory (CAL) are presented in Rothert and others (2002) and Gordon and others (2003) . Detection limits and precision of analytes measured at CAL are summarized in Table 2 . The most recent CAL QA report covers data from 1999-2002 and states that the CAL has been meeting these goals through a quality control program of weekly blanks, check samples, blind network sample replicates, and an internal blind audit with predetermined samples (Rothert and others, 2002) .
The NADP provides operators at each station with an annual summary of sample validity. This summary shows that 209 samples from the Loch Vale station were sent to the CAL for analysis between January 1, 1999 and December 31, 2002. Of these 209 samples, 148 (71%) were considered valid according to NADP standards. Of the 61 invalid samples, 13 were due to contamination, 7 were undefined samples due to the collector being open to dry deposition for more than 6 hours, 39 were a result of inadequate volume for analysis, 1 was due to the collector being open continuously, and 1 was due to an unknown precipitation amount (National Atmospheric Deposition Program [NADP], 2003) . Therefore, ~10% of the samples sent to NADP from 1999-2002 were not valid due to contamination and equipment errors. Contamination of NADP Loch Vale precipitation samples typically results from the samples being cloudy or discolored or having high particulate matter.
Precipitation amount is measured by two techniques at the NADP station, the wet/dry collector and the Belfort gauge with Alter shield. There is a persistent problem with the catch efficiency of the AeroChem-Metrics wet deposition sampler used by NADP. Alter and Nipher shielded rain gauges are more effective devices for catching precipitation in wind-prone areas than is the sample bucket. Allstott and others (1999) showed that weekly winter precipitation amounts recorded by the Alter and Nipher shielded rain gauges are usually one-and-a-half to two times greater than that of the amount recorded by the NADP AeroChem-Metrics sample bucket. Summer precipitation amounts from the rain gauge and sample bucket typically match each other more closely, but rarely fall within the ± 5% desired by NADP (Allstott, 1995) .
LVWS field personnel are responsible for measuring pH and specific conductance of the weekly precipitation samples as a check on NADP analyses. Each analysis is accompanied by measurement of a quality control check sample. If pH is not within ±0.15 pH units and specific conductance within ±2 µS/cm of the check sample values, the equipment is recalibrated and the sample is reanalyzed. LVWS field technicians also participate in a biannual intersite comparison quality assurance program sponsored by the USGS http://btdqs.usgs.gov/srs/. As part of the program, an artificial sample is sent to each NADP site operator for measurement of pH and conductivity. Results must be within the acceptance criteria calculated from the network-wide median value for that sample. If they are not, the problem area within the analysis is identified and the necessary adjustments in procedure, equipment, or personnel are made. From 1999-2002 laboratory results met with NADP quality assurance criteria (Table 3) .
Surface-Water Chemistry Data
This section details the QC procedures used by the LVWS project to minimize errors in the estimates of surface water chemical solute composition. Data quality is evaluated using field blanks, co-located field duplicates, charge balance calculations (ion percent difference), and comparisons of theoretical conductance (conductance percent difference).
Surface-water samples for chemical analysis are routinely collected throughout the entire Loch Vale Watershed. Major cations and anions measured include: calcium, magnesium, sodium, potassium, ammonium, sulfate, nitrate, chloride, fluorine, and phosphate. Loch Vale waters are also examined for specific conductance, pH, dissolved organic carbon (DOC), total nitrogen (TN), dissolved organic nitrogen (DON), total phosphorus (TP), dissolved organic phosphorous (DOP), silica, and alkalinity. pH, specific conductance, and major ions are processed and analyzed on a weekly basis. Silica, TN, DON, TP, DOP, and DOC are processed (filtered and/or preserved) weekly and held for analysis until early fall of each year. Loch Vale methods adhere to established protocol for low ionic strength waters (Lockheed, 1989 ) and all analytical laboratories that LVWS participates with conduct their own internal quality assurance procedures according to standards for the analysis of low ionic strength natural waters (Friedman, 1982) . Further details can be found in Loch Vale Watershed Methods Manual 2000 (Allstott and others, 1999) .
Field and laboratory sample treatment procedures are assessed through the implementation of blank and duplicate samples. At least 10% of the total number of samples collected from the Loch are QC samples. Bias and contamination due to field processing procedures are examined through the use of field blank samples. Precision is estimated by incorporating field duplicate samples. All QA/QC protocols required in the preparation, collection, processing, and shipping of samples are described in detail in the Loch Vale Watershed Methods Manuals (Allstott and others, 1999) . Differences in the results between normal, blank, and duplicate samples will highlight any deficiencies in the analytical process.
The focus of this section is on QA/QC samples collected from the outlet of the Loch. Of the 256 samples taken from this outlet from 1999-2002, 18% of those were QC samples, including 9% field blanks and 9% field duplicates. QA/QC data collected prior to 1999 can be found in earlier reports by Allstott (1995) , Allstott and others (1999) , Edwards (1991), and Denning (1988) . Small procedural, lab, and field changes will be detailed at the end of this report. Loch Vale samples are processed at the NREL and sent to the USFS laboratory within 48 hours of field collection. All samples received are immediately computer archived, stored in a cold, dark environment, and processed as quickly as dictated by EPA guidelines. Control charts and control samples are utilized daily to monitor internal quality control. Appropriate field and laboratory blanks are analyzed as well as duplicates and check standards (every 10 samples). The lab manager, lab analyst, and data analyst check, verify, and archive all collected data. Table 4 lists the detection limits posted for the USFS-RMRS and the USGS. Detection limit is a numerical boundary below which the level of accuracy in the measurement of a particular analyte declines severely. This limit is defined as three times the standard deviation of signals produced by replicated blank analyses. Detection limits for ANC are difficult to quantify due to the use of the Gran Titration method. ANC limits are not available since the values range widely due to the seasonality of the data.
Standard reference materials are certified by the National Institute of Standards and Technology. The Rocky Mountain Research Station laboratory also participates in laboratory exchange and analytical evaluation programs. Exchange programs involve sharing samples with other analytical laboratories for comparison of results. Analytical evaluation programs include the U.S. Geological Analytical Evaluation Program (Standard Reference Samples) and the USDA Forest Service North Central Round Robin. These programs assess the quality of laboratory methods and procedures along with information about analytical precision and accuracy. 
NREL Water Quality Laboratory
The NREL Loch Vale water chemistry laboratory participates in the USGS Intersite Comparison Program in which pH and specific conductivity measurements are routinely tested on samples with known chemical indices.
Results from the past 4 years are presented in Table 3 . The laboratory has achieved all accuracy goals since 1999. We continue to use the NADP approved VWR Model 8000 pH meter in conjunction with NADP supplied probes for all sample analyses.
Preliminary QA/QC Checks
All Loch Vale water quality analyses are checked using two methods: the ion percent difference (IPD) and the conductance percent difference (CPD). Since all samples are electrically neutral, the sum of the measured cations should equal the sum of the measured anions, assuming all major ions are measured. This is shown by the IPD, which is calculated as:
IPD=(Σcations-Σanions)*100
Σ(cations+anions)
where all constituents are expressed in micro equivalents per liter. A negative IPD represents an excess of negative charge and a positive IPD represents an excess of positive charge. The IPD is an indicator of analytical accuracy and samples that fall outside the ±15% range are flagged and rerun. If the IPD is still outside the acceptable range after being rerun, each sample is checked ion by ion for possible contamination. If one analyte is the obvious cause of the charge imbalance, it may be dropped from the record (as long as the remainder of the analytes looks normal for that time of year). In 1999-2002, 5 of the 404 Loch Vale stream samples fell outside of the 15% IPD criteria. These samples were just outside of the ± 15% cut-off and are most likely the result of contamination introduced in the field and laboratory.
The theoretical conductance of a water sample is calculated by the formula: where all concentrations are expressed in microequivalents per liter. This calculation is performed on all samples sent to the USFS and the results are compared to the specific conductance measured at the USFS laboratory. Conductance percent difference is calculated for each sample as a percentage of the measured specific conductance.
Positive CPD values indicate that calculated conductance exceeds the laboratory value, and can indicate an analytical error in one or more of the solute measurements. Negative CPD values indicate an unmeasured or undermeasured ion. Deviations from zero may also result from errors in specific conductance measurements. In 1999-2002, 2 of the 404 Loch Vale stream samples fell outside of the acceptable ±30% CPD range. The most obvious reason for these differences is due to differences in the field versus laboratory specific conductance meters used from 1999-2002. 8 
Measures of Bias and Contamination
Bias and contamination of low ionic strength stream water samples are quantified by measuring solute concentrations in field blank samples. Field blanks consist of deionized water that is processed according to the same methods as routine water samples. Sources of bias and contamination may include contamination of deionized water columns, improper bottle washing procedures, errors in the handling and processing of samples, analytical bias in the laboratory, and errors with data management. Field blanks were taken once every other month. Mean concentrations of each analyte from field blank samples are presented in Table 6 . There has been no known source of contamination to the DI water system at the NREL since the last reported spike in the summer/fall of 1996. The blank samples in Table 6 are from 1999-2002 and concentrations are expressed in microequivalents per liter (alkalinity) and milligrams per liter. The blank concentration values of most concern are SiO2 and DOC, as noted in the 1999 QA report. These elevated values are most likely due to the fact that the DI system is unable to effectively remove all of the SiO 2 and DOC from the water.
Measures of Precision
Analytical precision is measured by quantifying differences between field duplicates. Field duplicates are pairs of samples collected by identical methods at the same sampling location, as close to one another in time as possible. Duplicate samples are collected every other month and processed exactly as normal samples.
Because precision often varies with concentration, the mean concentration of duplicate pairs is plotted against its standard deviation (SD) to help determine problems in precision (U.S. Environmental Protection Agency, 1980) . A deficiency in precision would be indicated by a relationship between all paired means and their respective standard deviations. The lack of relationship in the majority of the regressions of duplicate pair means versus duplicate pair standard deviations indicates robust analytical precision at varying sample concentrations. Table 7 shows the R-square values for each regression and Figure 3 shows the actual regressions.
The only two analytes that show any relationship between duplicate pair mean concentrations and duplicate pair standard deviations are sulfate (SO 4 ) and phosphate (PO 4 ). The R 2 of SO 4 (.30) may indicate a lack of analytical precision while the R 2 of PO 4 (.99) is a result of the extremely low concentration of phosphate in Loch Vale sample waters (a mean of 0.0 produces a SD of 0.0 which contributes to a high R 2 value). The majority of PO 4 samples collected in Loch Vale are at or near a concentration of 0.0 mg/l. Another method for examining analytical precision is to calculate the statistical difference between normal and duplicate sample pairs. Paired two-tailed t-tests were applied to the Loch outlet normal and duplicate sample pairs to highlight inconsistencies in precision. Table 8 shows the results of these tests.
The majority of sample pairs are statistically similar with t-test p values greater than α = 0.05 level. Field pH and field conductivity show significant differences in their paired measurements. These differences are most likely attributed to the quality of LVWS field pH and conductivity meters compared to the instruments employed by the USFS laboratory. As similarly reported in 1999 for field pH measurements, the USFS laboratories pH and conductivity measurements are more accurate and reproducible than Loch Vale field measurements.
The slight differences in duplicate pairs of sodium (Na), sulfate (SO 4 ) and nitrate (NO 3 ) are most likely the result of one or two samples with elevated standard deviations. These are identified in the precision plots and can have a strong influence on the paired average estimates. After charting the Loch Outlet stream chemistry data from 1999 through 2002, there appeared to be a few points that were unrealistic. The five erroneous data points occurred between the months of May -July. The data that were flagged are presented in Table 9 .
Unrealistic data points for Loch Outlet stream chemistry from 1999-2002. After reviewing the original data, only one of those five points was flagged by the USFS (for conductance percent difference). These points were possibly a result of field/laboratory contamination or equipment errors. The above trend plots have been corrected for the five suspect data points. 
Field and Laboratory Changes
General Conclusions
In conclusion, overall quality of LVWS data was good for the period 1999-2002 compared to all other previous years. The quality of stream discharge measurements are difficult to ensure due to the lack of an accurate reference comparison, but general trends between Andrew's Creek and Icy Brook display no obvious discrepancies. It is prudent to point out that the accuracy of the Parshall flume is rated ~±5%. An additional 5% uncertainty should be added to this figure during high flow events when water can flow around and under the frame structure.
Meteorological data are quality assured by the USGS-WRD. Communication with George Ingersoll reveals that weather data entered in the database have been quality checked and erroneous entries removed prior to releasing the data to cooperating agencies.
NADP precipitation data are carefully scrutinized by Central Analytical Laboratory personnel before being posted on the NADP website. Routine LVWS laboratory checks reveal no problems with our methods or equipment to date.
LVWS water quality data are checked by the USFS laboratory and again by the database manager before any values are published. While there appear to be minor discrepancies with the precision of normal/duplicate pairs for Na, SO 4 , and NO 3 , the main reason is traced back to 1-2 duplicate pairs with inflated standard deviations. These findings are similar to those found by Denning (1987) and appear to be due to minor field/laboratory contamination. Low ratings from the USGS Analytical Evaluation Program are a result of the variation in the number of sites participating for any test period along with the range of the measurements and fit of the data. No problems in the lab were reported.
